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Kinetochore specification and assembly requires the
targeted deposition of specialized nucleosomes
containing the histone H3 variant CENP-A at centro-
meres. However, CENP-A is not sufficient to drive
full-kinetochore assembly, and it is not clear how
centromeric chromatin is established. Here, we
identify CENP-W as a component of the DNA-proxi-
mal constitutive centromere-associated network
(CCAN) of proteins. We demonstrate that CENP-W
forms a DNA-binding complex together with the
CCAN component CENP-T. This complex directly as-
sociates with nucleosomal DNA and with canonical
histone H3, but not with CENP-A, in centromeric re-
gions. CENP-T/CENP-W functions upstream of other
CCAN componentswith the exception of CENP-C, an
additional putative DNA-binding protein. Our analy-
sis indicates that CENP-T/CENP-W and CENP-C
provide distinct pathways to connect the centromere
with outer kinetochore assembly. In total, our results
suggest that the CENP-T/CENP-W complex is di-
rectly involved in establishment of centromere chro-
matin structure coordinately with CENP-A.
INTRODUCTION
Faithful chromosome segregation during mitosis is essential for
the accurate transmission of genetic material. To facilitate this,
each replicated sister chromatid assembles a kinetochore on
centromeric DNA that forms a dynamic interface with microtu-
bules from the mitotic spindle (Cheeseman and Desai, 2008).
The kinetochore is a stable structural component of chromo-
somes, and it must make strong and specific contacts with cen-
tromeric DNA. Inmost organisms, the kinetochore is restricted toa single locus of centromere DNA on each chromosome. Dicen-
tric chromosomes that assemble kinetochores at multiple loci
are highly unstable since these result in sister chromatids that
are able to simultaneously interact with both spindle poles.
Therefore, it is critical to determine the molecular mechanisms
that direct kinetochore specification, facilitate contacts with
chromosomal DNA, and drive kinetochore assembly.
Targeted deposition of specialized nucleosomes containing
the histone H3 variant CENP-A is thought to be the defining event
for kinetochore specification (Cheeseman and Desai, 2008). Al-
though overexpression of CENP-A (CID) has been reported to in-
duce ectopic kinetochores inDrosophila cells (Heun et al., 2006),
in vertebrate cells CENP-A overexpression does not appear to
be sufficient to drive full kinetochore assembly (Van Hooser
et al., 2001). Currently, it is unclear whether there are additional
DNA-binding activities within the kinetochore that are required to
establish the centromeric chromatin structure. Recent insights
regarding the mechanism of kinetochore specification and as-
sembly have come from the discovery and characterization of
new vertebrate kinetochore proteins using a variety of ap-
proaches (Obuse et al., 2004; Cheeseman et al., 2004; Minosh-
ima et al., 2005; Foltz et al., 2006; Meraldi et al., 2006; Okada
et al., 2006). The subsequent analysis of these proteins has iden-
tified subgroups that are closely apposed to DNA and thus may
play roles in establishing centromere chromatin structure coordi-
nately with CENP-A. Chief among these is the constitutive cen-
tromere-associated network (CCAN) of proteins. We have previ-
ously isolated nine associated constitutive centromere proteins
(CENP-K, -L, -M, -N, -O, -P, -Q, -R, -50/U) by coimmunoprecipi-
tation with CENP-H or CENP-I (Okada et al., 2006). Complemen-
tary work has also identified many of these proteins by coimmu-
noprecipitation with CENP-A following digestion of chromatin by
partial micrococcal nuclease (MNase) treatment (Obuse et al.,
2004; Foltz et al., 2006). Foltz et al. (2006) additionally identified
CENP-S and CENP-T as interacting constitutive centromere
proteins. In addition, CENP-C is an established constitutive cen-
tromere component (Saitoh et al., 1992). In total, 14 proteinsCell 135, 1039–1052, December 12, 2008 ª2008 Elsevier Inc. 1039
Figure 1. Identification of the CENP-T-Associated Protein CENP-W
(A) Immunoblots of DT40 cell extracts fractionated on a Superose 6 gel-filtration column and probed using antibodies against anti-CENP-H or CENP-T. Signal
intensities are plotted in the graph and peak fractions are indicated by arrows. Standards are thyroglobulin (669 kDa), ferritin (440 kDa), aldolase (158 kDa), BSA
(67 kDa), and myoglobin (18 kDa). Molecular sizes of peak fractions are estimated at 730 kDa (CENP-T complex) and 600 kDa (CENP-H complex). Asterisks
indicate nonspecific bands.
(B) SDS-PAGEof proteins isolatedby immunoprecipitationwith anti-FLAGantibodies using cells inwhich expressionofCENP-HorCENP-Twas replacedwith that
ofCENP-H-FLAGorCENP-T-FLAG, respectively.Wild-typeDT40cells (WT)were also used for immunoprecipitationwith anti-FLAGantibodies. Bands specifically
observed in cells expressing FLAG-tagged proteins were excised and analyzed by mass spectrometry. The proteins corresponding to each band are indicated.1040 Cell 135, 1039–1052, December 12, 2008 ª2008 Elsevier Inc.
(CENP-C, -H, -I, -K to -U) have been identified thus far as CCAN
components based on their localization and biochemical interac-
tions in vertebrates.
To gain insights into themechanisms of kinetochore specifica-
tion and assembly, we examined the CCAN proteins focusing
particularly on those proteins that are the most upstream in
the kinetochore assembly hierarchy. In this paper, we describe
the identification of the novel CCAN protein CENP-W and
demonstrate that it forms a DNA-binding complex together
with CENP-T. CENP-T/CENP-W complexes directly associate
with nucleosomal DNA and with canonical histone H3, but
not with CENP-A, in centromeric regions. Our functional analy-
ses indicate that the CENP-T/CENP-W complex is directly
involved in establishment of centromere chromatin structure co-
ordinately with CENP-A.
RESULTS
Identification of CENP-W as a Component of the CCAN
Our previous analyses of the CCAN have demonstrated that this
network is divided into several subclasses (Okada et al., 2006;
Hori et al., 2008). Work from others identified an additional com-
ponent of this network, CENP-T (Foltz et al., 2006; Izuta et al.,
2006), which was not found in our purifications of CENP-H,
CENP-I, CENP-O, or CENP-P, suggesting that it may represent
a distinct functional class. To analyze this more closely, we frac-
tionated extract from wild-type DT40 cells by gel-filtration chro-
matography and analyzed each fraction by western blot analysis
with antibodies against CENP-H or CENP-T (Figures 1A and S1
available online). The profile of CENP-Hwas different from that of
CENP-T, suggesting that these proteins are present in distinct
subcomplexes. To confirm the results of the gel-filtration analy-
sis, we performed immunoprecipitation (IP) experiments with cell
lines in which endogenous CENP-H or CENP-T was completely
replaced with CENP-H-FLAG or CENP-T-FLAG, respectively.
Cell lysates were sonicated to fragment the DNA and the soluble
fraction was used for IPs. This procedure is more stringent than
that used by Foltz et al. (2006) and is expected to isolate the dis-
tinct subclasses rather than the complete CCAN (Figure 1B). In-
deed, SDS-PAGE and mass-spectrometry analysis indicated
that CENP-H IPs primarily contained CENP-H, -I, -K, -L, -M,
and -N, but not CENP-T. Similarly, in CENP-T immunoprecipi-
tates, we did not observe clear bands at the expected sizes of
the CENP-H or CENP-O complex proteins on silver-stained
gels (Figure 1B). However, we were able to detect small amounts
of CENP-H or CENP-O by high-sensitivity mass spectrometry
(data not shown). These results suggest that under stringent
conditions, CENP-T can be separated from the rest of the
CCAN and is distinct from the CENP-H-containing complex.Although we did not detect CENP-H-containing complex pro-
teins in CENP-T immunoprecipitates, we identified histone pro-
teins and an additional 11 kDa protein corresponding to
CUG2 (XP_429872), whose human homolog is a reported nu-
clear oncogenic protein (Lee et al., 2007). To confirm the
CENP-T/CUG2 interaction, we generated DT40 cell lines in
which endogenous CUG2 was replaced with CUG2-FLAG and
conducted IPs using anti-FLAG antibodies. Silver staining and
western blot analysis with antibodies against CENP- T confirmed
clear coprecipitation of CENP-T with CUG2 (Figure 1C). In addi-
tion,mass-spectrometry analysis indicated that CUG2was pres-
ent in CENP-T IPs (with 25% sequence coverage), but not in
CENP-C, -H, -N, -P, or -S IPs. To investigate the localization of
CUG2, we generated a DT40 cell line stably expressing CUG2-
GFP. CUG2-GFP colocalized with CENP-C throughout the cell
cycle (Figure 1D), demonstrating that CUG2 localizes constitu-
tively to centromeres. To confirm that CUG2 is a conserved
constitutive component of the vertebrate kinetochore, we im-
aged a clonal human cell line stably expressing GFP-hCUG2
and found that hCUG2 also localized to centromeres throughout
the cell cycle (Figure 1E). Based on copurification with CENP-T
and its constitutive localization to centromeres, CUG2 is a
component of the CCAN. Thus, here we will refer to CUG2 as
CENP-W.
The CENP-T/CENP-W Complex Is Required for Mitotic
Chromosome Segregation
To determine the function of the CENP-T/CENP-W complex and
its relationship to other kinetochore components, we generated
loss-of-function DT40 mutants for CENP-T and CENP-W (Fig-
ures S2 and S3). We were unable to obtain homozygous
CENP-T/ andCENP-W/ clones, suggesting that they are es-
sential for cell viability. Therefore, we generated conditional mu-
tants of CENP-T and CENP-W in which the viability of cells with
homozygous gene disruptions was maintained by expression of
the CENP-T or CENP-W cDNA under the control of a tetracycline
(tet)-repressible promoter. Both CENP-T and CENP-W condi-
tional knockout (KO) cells stopped proliferating approximately
36 hr after the addition of tet, and most cells had died by 96 hr
(Figures S2 and S3).
To characterize the phenotypes following CENP-T and
CENP-W depletion, we examined the cell-cycle profile by
fluorescence-activated cell sorting (FACS) after pulse-BrdU la-
beling and by cytological observation (Figures 2A, S2, and S3).
Depletion of either CENP-T or CENP-W resulted in a strong mi-
totic accumulation: 40% of CENP-T KO cells were mitotic
48 hr after the addition of tet and 40% of CENP-W KO cells
were mitotic 36 hr after the addition of tet (Figure 2A). In addition,
we observed numerous instances of abnormal mitotic cells with(C) Coimmunoprecipitation of CENP-T with CUG2. The chromatin fractions of wild-type (WT) cells or cells expressing the CUG2-FLAG (CUG-flag) were immu-
noprecipitated with anti-FLAG antibodies. An SDS-PAGE gel of proteins isolated by immunoprecipitation with CUG-FLAG is shown. An arrow in the gel indicates
the CENP-T band.
(D) Localization of GFP-tagged CUG2 (CENP-W) throughout the cell cycle in DT40 cells. Centromeres were costained with anti-CENP-C antibodies. Centrosome
signals of chicken CUG2-GFP were observed during mitosis in DT40 cells. However, centrosome localization may be due to overexpression of CUG2-GFP be-
cause similar localization was not detected for human GFP-CUG2 (E). Bars, 10 mm.
(E) Imaging of human HeLa cells stably expressing GFP-tagged human CENP-W. Localization to punctate foci suggests that hCENP-W localizes to kinetochores
throughout the cell cycle. Bars, 10 mm.Cell 135, 1039–1052, December 12, 2008 ª2008 Elsevier Inc. 1041
Figure 2. Cells Depleted for the CENP-T/CENP-W Complex Show Severe Mitotic Defects
(A) Summary of visual quantification of cell-cycle state and phenotypes in CENP-W- (a) and CENP-T-deficient (b) DT40 cells. Cells were stained for a-tubulin and
each cell type was counted by microscopy at the indicated times after tet addition. More than 1000 cells were scored in each KO cell line.
(B) Chromosome morphology and a-tubulin staining (green) in control (tet), CENP-W- (+tet), and CENP-T (+tet)-deficient DT40 cells. DNA was counterstained
with DAPI (blue). Control cells show the normal staining pattern for a-tubulin (upper two panels). Misaligned hypercondensed chromosomes at the metaphase
plate were detected in CENP-W- and CENP-T-deficient cells. Bars, 10 mm.
(C) Chromosome morphology and a-tubulin staining (green) in human HeLa cells following RNAi-based knockdown with nontargeting control siRNAs or
hCENP-W siRNAs. In cells depleted for hCENP-W, misaligned chromosomes (indicated in figure) and a strong mitotic arrest (data not shown) were observed.
Human anti-centromere antibodies (ACA) were used to detect the position of centromeres (red), and DNA was stained with Hoescht (blue). Bars, 10 mm.
(D) CENP-T localization detected using anti-CENP-T antibodies in CENP-W-deficient cells after addition of tet (CENP-W off) and CENP-W-GFP localization in
CENP-T-deficient cells (CENP-T off). CENP-T signals disappeared following tet addition in CENP-W-deficient cells and CENP-W signals were not detected in
CENP-T-deficient cells. In the left image of CENP-T-deficient cell, CENP-W-GFP signals are not detected, but weak noncentromeric GFP signals were detected
in the right image.
(E) Western blot analysis with anti-CENP-T or -CENP-W antibodies in CENP-W-deficient cells. Tet was added at time 0.1042 Cell 135, 1039–1052, December 12, 2008 ª2008 Elsevier Inc.
hypercondensed chromosomes that failed to congress normally
to a metaphase plate in both CENP-T- and CENP-W-depleted
cells (Figure 2B). Live-cell observation revealed that CENP-W-
deficient cells remained arrested in prometaphase for
504 ± 124 min (n = 12) with hypercondensed chromosomes
(Figure S4 and Movie S1). We also observed chromosome mis-
alignment and mitotic accumulation following depletion of hu-
man CENP-W using siRNA-based knockdowns in HeLa cells
(Figure 2C; data not shown). The mitotic phenotypes observed
in CENP-T and CENP-W mutants are quite similar to those that
we have described previously for CENP-H-, -I-, or -K-deficient
cells (Fukagawa et al., 2001; Nishihashi et al., 2002; Okada
et al., 2006).
As we demonstrated that CENP-T copurifies with CENP-W, it
is possible that their kinetochore localization is interdependent.
Indeed, we found that CENP-T localization was abolished in
CENP-W-deficient cells and that CENP-W localization was elim-
inated in CENP-T-deficient cells (Figure 2D). We also found by
western blot analysis that levels of both CENP-T and CENP-W
were strongly decreased in CENP-W-deficient cells (Figure 2E).
In combination with the biochemical purifications described
above, these results support a model in which CENP-T and
CENP-W form a stable complex that is essential for chromo-
some alignment and mitotic progression.
The CENP-T/CENP-W Complex Associates
with Nucleosomal DNA and Canonical Histone H3,
but Not with CENP-A, in Centromeric Regions
The mitotic defects observed in cells depleted for the CENP-T/
CENP-W complex suggest a critical role for this complex in ki-
netochore function. To determine the specific roles of these pro-
teins, we examined their sequences for potential functional do-
mains. Database searches revealed sequence similarity of the
CENP-T/CENP-W complex with the human Negative Cofactor
2 (NC2) complex. Although human CENP-W shows only 28% se-
quence identity with human NC2b, there is clear structural ho-
mology between CENP-T/W and the NC2 complex based on
secondary structure predictions and conservation of key amino
acids involved in stabilizing the tertiary and quaternary structures
of the NC2 complex. NC2b forms a complex with NC2a, and
both proteins contain histone-like domains. The combined ac-
tion of these histone-like folds is essential for DNA binding of
the NC2a/b complex, which functions as a transcriptional cofac-
tor (Kamada et al., 2001). Homology was observed specifically
within these histone-like domains. In the case of CENP-W, this
encompasses the entire protein and alignment is observed be-
tween full-length ggCENP-W (ggCUG2), full-length hCENP-W
(hsCUG2), and the histone-like domains of NC2a and NC2b
(Figure 3A). For CENP-T, this homology is restricted to the C ter-
minus of ggCENP-T (residues 459–639), the C terminus of
hsCENP-T (residues 376–561), and NC2b (Figure 3A). The
atomic structure of NC2 in complex with the TATA-Box Binding
Protein (TBP) and a DNA duplex has indicated that the histone-
like fold adopted by the NC2 complex is most similar to the his-
tone H2A-H2B complex (Kamada et al., 2001). In addition, this
structural analysis has revealed specific amino acids that are es-
sential for the DNA-NC2 interface (Figure 3B; Protein Data Bank:
1JFI, Kamada et al., 2001). This structural homology suggeststhat the CENP-T/CENP-W complex may also function at the in-
terface with DNA.
CENP-T and CENP-W are tightly associated in vivo, and it is
likely that CENP-T and CENP-W interact through their histone-
fold regions to form a stable complex similar to the NC2 com-
plex, which may be involved in binding to centromeric DNA.
Therefore, we testedwhether the CENP-T/CENP-W complex as-
sociates with DNA in vivo. We prepared the chromatin fraction
from DT40 extracts expressing either CENP-A-FLAG, CENP-C-
FLAG, CENP-H-FLAG, CENP-T-FLAG, or CENP-W-FLAG and
digested DNA completely with excess MNase. Under these con-
ditions, only mononucleosome DNA (150 bp) was detected by
agarose gel electrophoresis (Figure 3C, input). The chromatin
fraction was solubilized in 0.5 M NaCl to avoid nonspecific
DNA binding. The resulting chromatin fraction after the MNase
digestion was used for immunoprecipitation using anti-FLAG an-
tibodies. DNA was not detected in CENP-H-FLAG immunopre-
cipitates. However, DNA was detected in CENP-A-FLAG,
CENP-C-FLAG, CENP-T-FLAG, and CENP-W-FLAG immuno-
precipitates (Figure 3C). CENP-A directly associates with DNA
as a component of a specialized centromeric nucleosome
(Palmer and Margolis, 1987), and CENP-C is also a putative
DNA-binding protein (Yang et al., 1996), while CENP-H does
not appear to make direct contacts with DNA. These data sug-
gest that CENP-T/W may associate either directly with DNA or
with DNA-nucleosome complexes.
Although we demonstrated that CENP-T copurifies with DNA,
it was unclear whether the DNA present in these immunoprecip-
itates was centromeric. To address this, we recovered and am-
plified DNA from the immunoprecipitates and then performed
FISH against metaphase chromosomes of DT40 cells. This anal-
ysis revealed that input DNA was hybridized with whole chromo-
somes, while DNA that coprecipitated with CENP-T or CENP-A
was clearly enriched at centromeres (Figure 3D). We note that
chicken centromere repeat sequences exist on telomeres and
interspersed regions on some chicken chromosomes (Krasikova
et al., 2006) accounting for the additional FISH signals that we
observed. To confirm these results, we cloned DNAs that precip-
itated with CENP-A. These centromeric DNA sequences hybrid-
ized with DNA precipitated by CENP-T (Figure S5). Therefore, we
conclude that centromeric DNA is present in the CENP-T immu-
noprecipitates.
As we demonstrated that the CENP-T/CENP-W complex as-
sociates with DNA in centromere regions, it is possible that this
complex associates closely with CENP-A-containing nucleo-
somes. To test this, we prepared a chromatin fraction from
DT40 extracts expressing either CENP-C-FLAG, CENP-H-
FLAG, CENP-T-FLAG, or CENP-W-FLAG and digested nucleo-
somal DNA with excess MNase. Using the completely digested
chromatin fraction, CENP-A signals were not detected in either
CENP-T or CENP-W immunoprecipitates (Figure 3E). Instead,
we observed canonical histone H3 (Figure 3E). Similarly, in
CENP-C immunoprecipitates, we detected histone H3 but not
CENP-A. We also found that CENP-T associated with H3
but not with CENP-A in cells synchronized at G1/S boundary
(data not shown). To confirm that our experimental conditions
did not disrupt nucleosome structure, we examined by silver
staining the histones present in CENP-A and CENP-T IP samplesCell 135, 1039–1052, December 12, 2008 ª2008 Elsevier Inc. 1043
Figure 3. The CENP-T/CENP-W Complex Associates with Nucleosomal DNA and Histone H3 but Not with CENP-A
(A) (a) Sequence alignment of human and chicken CENP-W (CUG2) with NC2a and NC2b. The sequences were aligned using the program T-coffee (EBI) and
formatted with ESPRIPT (Gouet et al., 1999). Secondary structure predictions for NC2a and NC2b are displayed above the alignment. The domain boundaries
of the histone-fold comprising the a helices a1, a2, and a3 are painted blue and the secondary elements outside the histone-fold are painted black. The basic
residues that interact with DNA in NC2a (K18, K19, K29) and NC2b (R15, K20, R30) and those that we mutated in ggCENP-W (R7, R11, K12, and R22) are1044 Cell 135, 1039–1052, December 12, 2008 ª2008 Elsevier Inc.
(Figure S6). In both samples, we detected the full complement of
histone subunits, suggesting that nucleosome structure remains
intact during these purifications.
Previous work from others has shown that CENP-T and
CENP-C can be coimmunoprecipitated with CENP-A (Foltz
et al., 2006; Izuta et al., 2006). Based on the results described
above, we speculated that this could be due to purification of
CENP-A using a chromatin fraction that had not been com-
pletely digested by MNase. To test this possibility, we per-
formed MNase digestions under various conditions. The size
distribution of DNA fragments from bulk chromatin under various
MNase digestions is shown in Figure 3F. We chose a chromatin
fraction that has a partial digestion of MNase (lane 2 in Figure 3F)
and that contains DNA fragments corresponding to approxi-
mately 10–30 nucleosomes. The chromatin fraction was solubi-
lized in 0.3 M or 0.5 M NaCl and used for IP with anti-FLAG an-
tibodies. When the chromatin fraction with partial digestion was
used as an input, we detected CENP-A in both CENP-T and
CENP-C immunoprecipitates (Figure 3G). In total, these results
demonstrate that CENP-T and CENP-C coprecipitated with ca-
nonical histone H3, but not with CENP-A, when the completely
digested chromatin fraction was used. However, CENP-T and
CENP-C coprecipitated with CENP-A when the partially di-
gested chromatin was used. We propose that CENP-T and
CENP-C preferentially associate with histone H3 nucleosomes,
but that they are closely apposed to CENP-A nucleosomes in
centromere regions (Figure 3H).
The Histone-Fold Domains Are Essential for
DNA-Binding Activity of the CENP-T/CENP-W Complex
We next examined the importance of the histone-fold regions of
the CENP-T/CENP-W complex. We first tested whether the his-
tone-fold domain of CENP-T is targeted to kinetochores. Stably
expressed GFP fusions to the N terminus of CENP-T lacking the
histone-fold domain (amino acids 1–474) localized throughout
the nucleus in interphase DT40 cells and did not localize to mi-
totic chromosomes (Figure 4A). In contrast, the C-terminal his-
tone-fold region of CENP-T (amino acids 458–639) clearly local-ized to centromeres in both interphase and mitotic cells
(Figure 4A), indicating that this region of CENP-T is sufficient
for its localization. Although the CENP-T histone-fold domain
was targeted to kinetochores, it was not able to rescue the
CENP-T-deficient phenotype (data not shown).
The crystal structure of NC2 complexed with DNA revealed
several essential residues of NC2 that make contacts with DNA
(Figures 3A and 3B). The basic residues that interact with DNA
in NC2b (R15, K20, R30) are highlighted with green triangles in
Figure 3A. To determine whether the corresponding basic resi-
dues in CENP-W (R7, R11, K12, and R22) were required for
DNA binding and/or mitotic progression, we mutated these res-
idues to alanine and tested whether the mutant protein could
complement CENP-W depletion (Figure 4B). We also mutated
R75, which is a possible site for DNA binding based on sequence
similarity with NC2b. Expression of wild-type CENP-W was able
to rescue the depletion phenotype and the cells were healthy
with strong CENP-T signals (Figures 4B and 4C). In contrast, in
R7A, R11A, K12A, R22A, or R75A single mutants, or selected
combinations of these mutations (Figure 4B; data not shown),
cells displayed strong growth defects and a mitotic delay, and
CENP-T signals were dramatically reduced (Figure 4C). Cells ex-
pressing CENP-W with all five residues mutated (R7A, R11A,
K12A, R22A, and R75A) died rapidly after a strong mitotic delay
similar to CENP-W KO cells. These data indicate that these crit-
ical basic residues, predicted to be involved in DNA binding of
CENP-W, are essential for CENP-W function. Based on the
structural similarity of CENP-W to NC2b, this suggests that
CENP-W makes direct contact with DNA that are required for
its activity.
Although this genetic data suggested that the histone-fold
domains of the CENP-T/CENP-W complex form a DNA-binding
complex, we sought to provide direct evidence for such an
activity. Therefore, we expressed full-length CENP-T and
CENP-W, truncated CENP-T, and mutant CENP-W proteins in
E. coli and tested their DNA-binding activities in vitro. Impor-
tantly, DNA bound to full-length CENP-T and the histone-fold
domain of CENP-T (amino acids 530–639) but did not bind tohighlighted with green triangles below them. (b) Diagram of CENP-T showing the position of the histone-fold domain at the C terminus. (c) Sequence alignment of
human and chicken CENP-T with NC2b as in (a).
(B) Structure of the NC2 complex bound to DNA and TBP (PDB: 1JFI, Kamada et al., 2001). The DNA is represented in ball-and-stick mode with carbon, nitrogen,
oxygen, and phosphorus atoms colored green, blue, red, and magenta, respectively. The molecular surface is colored according to the electrostatic potential
color ramped from red (acidic) to blue (basic) through white corresponding to potentials of%2kT/e toR 2kT/e, respectively. CCP4MG was used for the cal-
culation (Potterton et al., 2004). The basic residues (blue) in the NC2 complex that interact with DNA electrostatically in 1JFI are conserved in CENP-W and were
mutated for experiments of Figure 4.
(C) Agarose gel electrophoresis of DNA coprecipitated with CENP-A, CENP-C, CENP-H, CENP-T, or CENP-W. Chromatin fraction was completely digested with
MNase. After incubation with MNase, the majority of DNA is mononucleosomal size (150 bp; input). Immunoprecipitation was performed with the sample after
MNase digestion and DNA was extracted and applied to the agarose gel.
(D) FISH images of chicken chromosomes probedwith input DNA or DNA coprecipitated with CENP-T or CENP-A indicated in (C). Arrows indicate the positions of
the primary constricted centromeres.
(E) Coimmunoprecipitation of histone H3with CENP-T, CENP-W, or CENP-C, but not with CENP-H, after complete digestion of the chromatin fraction byMNase.
CENP-A was not coimmunoprecipitated with CENP-C, CENP-T, CENP-W, and CENP-H using the samples with complete digestion of chromatin by MNase.
(F) Size distribution of DNA fragments from bulk chromatin after MNase digestion with various conditions. The sample in lane 7 (3 U/ml, 37C, 2 hr incubation)
represents complete digestion for (E), and the sample in lane 2 (0.03 U/ml, 22C, 1 hr incubation) was used as the partially digested chromatin for the experiments
in (G).
(G) CENP-A was detected in CENP-C or CENP-T immunoprecipitates in samples with partially digested chromatin.
(H) Model for predicted chromatin structure at centromeres. Histone H3-containing nucleosomes are interspersed with CENP-A-containing nucleosomes in cen-
tromeric regions. The CENP-T/W complex and CENP-C preferentially associate with histone H3 nucleosomes, but they require CENP-A for their localization and
are likely to be closely apposed to CENP-A nucleosomes.Cell 135, 1039–1052, December 12, 2008 ª2008 Elsevier Inc. 1045
Figure 4. Histone-Fold Domains in the CENP-T/CENP-W Complex Are Essential for Their DNA Binding
(A) Localization of the N terminus or histone-fold domain of CENP-T. The truncated proteins were expressed as GFP fusions. Centromeres were stained with anti-
CENP-C antibodies.
(B) Summary of phenotypes for complementation experiments in CENP-W-deficient cells expressing several mutant CENP-W cDNAs. When wild-type CENP-W
was expressed in CENP-W-deficient cells, cells were healthy. However, when the indicated mutant cDNAs were expressed, mutant proteins did not rescue the
phenotype of CENP-W-deficient cells and cells displayed strong mitotic defects.
(C) Immunofluorescence analysis of cells expressing wild-type CENP-W or mutant CENP-W with anti-CENP-T antibodies.
(D) DNA binding by CENP-T full-length (WT), N terminus (Nt), and histone-fold (HF) or CENP-W wild-type (WT) and mutated polypeptides expressed in E. coli.
Coomassie-stained gels and autoradiogram are shown.the N terminus of CENP-T lacking the histone-fold domain
(amino acids 1–474) (Figure 4D), indicating that the histone-
fold region of CENP-T contains the DNA-binding activity. We
also found that DNA bound strongly to CENP-W, but that this
activity was abolished in the CENP-W mutants described above
that are predicted to eliminate DNA binding (R7A, R11A, K12A,1046 Cell 135, 1039–1052, December 12, 2008 ª2008 Elsevier Inc.R22A, R75A; Figure 4D). In conclusion, these results strongly
suggest that CENP-T and CENP-W associate with the nucleo-
somes in centromeric regions and possess direct DNA-binding
activities that require their histone-fold domains. Future studies
will define the DNA-sequence binding specificity of CENP-T
and CENP-W.
Kinetochore Localization of the CENP-T/CENP-W
Complex Is Abolished in CENP-A Mutants but Occurs
upstream of CENP-H Complex Proteins
Above, we demonstrated that the CENP-T/CENP-W complex
associates with canonical histone H3 but not with CENP-A
(Figure 3E). However, both CENP-T and CENP-A localize consti-
tutively to centromeres, suggesting a close functional relation-
ship with CENP-A. To investigate this, we examined the localiza-
tion dependencies between CENP-A and CENP-T/CENP-W
complex. As we also demonstrated that CENP-C associates
with histone H3, we also tested CENP-C localization
(Figure 5A). CENP-A is an extremely stable protein, and it is pos-
sible to detect residual CENP-A following CENP-A depletion
(Regnier et al., 2005). Liu et al. (2006) have shown that CCANpro-
teins can be detected in cells with incomplete depletion of
CENP-A. Therefore, we simultaneously immunostained individ-
ual cells against CENP-A and CENP-C or CENP-T. In cells lack-
ing CENP-A signals, CENP-C and CENP-T signals were strongly
reduced (Figure 5A), suggesting that CENP-A is required for their
proper localization. In contrast, we detected strong CENP-A
signals in CENP-C-, CENP-W-, or CENP-T-deficient cells
(Figure 5B; data not shown). These results indicate that kineto-
chore localization of CENP-T/CENP-W and CENP-C occurs
downstream of CENP-A.
We next investigated the relationship of the CENP-T/CENP-W
complex with other CCAN proteins. In CENP-W-deficient cells,
kinetochore localization of other CCAN proteins, with the excep-
tion of CENP-C, was abolished (Figure 5B). However, CENP-T
and CENP-W were still visible on mitotic chromosomes in cells
depleted of CENP-H (Figures 5B and 5C), indicating that kineto-
chore localization of CENP-T complex occurs upstream of the
CENP-H complex. In CENP-C-deficient cells, CENP-T and
CENP-W signals were detected, demonstrating that CENP-C
and the CENP-T/CENP-W complex function independently for
kinetochore localization. These localization dependencies are
summarized in Figure 5D. In total, kinetochore localization of
CENP-A occurs upstream of all known CCAN proteins, and the
localization of CENP-T/CENP-W occurs upstream of other
CCAN proteins including the CENP-H/I complex. The localiza-
tion of CENP-C, another putative DNA-binding protein, is distinct
from the CENP-T/CENP-W complex.
The Stability of Kinetochore Outer Plate Structure
Is Differentially Affected in CENP-C- or
CENP-T-Deficient Cells
Our immunofluorescence data suggested distinct functions for
CENP-C and CENP-T during kinetochore assembly (Figure 5).
While this can be monitored by examining the localization of in-
dividual proteins, we also sought a larger-scale approach to un-
derstanding the global effects on kinetochore assembly. There-
fore, we chose to examine, by electron microscopy (EM), the
structural morphology of the kinetochore outer plate in CENP-C-
or CENP-T-deficient cells. For these studies, we imaged 35
170 nm thick serial sections for individual mitotic cells treated
with nocodazole. In control cells, we observed clear electron
dense kinetochore outer plates (Figure 6A). We were able to
identify 16 outer plates (15.6 ± 3.9, n = 5) per cell that corre-
spond to the 7 to 8macro-chromosomes in chicken cells. It is dif-ficult to observe kinetochore outer plates on the numerous
chickenmini-chromosomes. In contrast, wewere not able to dis-
tinguish clear outer plates in the vast majority of chromosomes in
CENP-T-deficient cells: only one or two outer plates per cell
(2.4 ± 1.7, n = 5) were identifiable (Figures 6B and 6D). This
poor structure is similar to that of cells depleted for Ndc80 (De-
Luca et al., 2005). In contrast, the outer plate in CENP-C-defi-
cient cells is much more distinct than that of CENP-T-deficient
cells:11 outer plates (11.4 ± 3.0, n = 5) per each cell were iden-
tifiable, although the plate length of CENP-C-deficient cells was
shorter than that of wild-type cells (Figures 6C and 6D; also see
Tomkiel et al., 1994). These results correspond with the molecu-
lar observations of kinetochore protein localization described
above (Figure 5) and suggest that CENP-C and CENP-T connect
to different protein networks to drive distinct aspects of kineto-
chore assembly.
Double Deficiency of CENP-C and CENP-T/W Pathways
Above, we demonstrated that both CENP-C and CENP-T/
CENP-W associate with nucleosomes in centromeric regions,
but that kinetochore localization of CENP-C and CENP-T/
CENP-W is independent. Consistent with these proteins func-
tioning in distinct pathways, CENP-C-deficient cells escape
from a mitotic delay (Kwon et al., 2007), while CENP-T- and
CENP-W-deficient cells display a strong mitotic arrest (Figure 2).
To observe the relationship between these two pathways, we
generated a CENP-C and CENP-W double-conditional KO cell
line (Figure S7). Double-deficient cells died quickly compared
with each singly deficient cell (Figures 7A and S3D). Abnormal
mitotic cells with chromosomes that failed to congress to ameta-
phase plate were observed in the double-deficient cells, similar
to those found in CENP-W-deficient cells. However, approxi-
mately 13% of cells showed decondensed chromosomes/nuclei
(Figures 7B and 7C), which was only rarely observed in singly de-
ficient cells (Figure 2A). In addition, the duration of themitotic de-
lay in the double-deficient cells is significantly shorter than that of
CENP-W-deficient cells (data not shown). Therefore, this analy-
sis of the CENP-W/CENP-C double-deficient cells revealed ad-
ditive phenotypes relative to the single depletions, suggesting
that CENP-C and CENP-T/W function in different pathways.
DISCUSSION
Vertebrate Centromeric Chromatin Structure
Kinetochore specification is central to proper chromosome seg-
regation and requires the targeted deposition of the histone H3
variant CENP-A (Cheeseman and Desai, 2008). At vertebrate
centromeres, there are a large number of CENP-A-containing
nucleosomes spread across 100 kb (Alonso et al., 2007) to sev-
eral Mb (Lam et al., 2006) of centromeric DNA. Recent work has
focused on howCENP-A is specifically incorporated into centro-
meres (Hayashi et al., 2004; Okada et al., 2006; Fujita et al., 2007;
Maddox et al., 2007). However, in vertebrate cells, the presence
of CENP-A-containing nucleosomes does not appear to be
sufficient for full kinetochore assembly (Van Hooser et al.,
2001). Therefore, other chromatin proteins at kinetochores
must be required to establish the centromere-specific chromatin
structure in vertebrates. Here, we demonstrated that aCell 135, 1039–1052, December 12, 2008 ª2008 Elsevier Inc. 1047
Figure 5. Kinetochore Localization ofCENP-T/CENP-WOccurs downstreamofCENP-Abut upstreamof theCENP-HComplexduringMitosis
(A) Simultaneous detection of CENP-A and CENP-C or CENP-A and CENP-T in CENP-A-deficient cells.
(B) Immunofluorescence analysis of DT40 cells with KO of CENP-C, CENP-W, and CENP-H. Mitotic cells were stained with anti-CENP-A, anti-CENP-C, anti-
CENP-T, anti-CENP-K (CENP-H complex), anti-CENP-50/U (CENP-O complex), and anti-CENP-S (CENP-S complex) antibodies. Antibody signals were de-
tected with FITC-conjugated secondary antibodies (green). DNA was counterstained with DAPI (blue). Bars, 10 mm.
(C) Localization of CENP-W-GFP in CENP-H- or CENP-C-deficient cells.
(D) Summary of the localization results of each CCAN subcomplex in DT40 cells with KO of each subcomplex protein. +: positive centromere localization and :
loss of centromere localization. CENP-C or CENP-T signals were strongly reduced in CENP-A-deficient cells. Staining patterns were uniform for other KO cells.1048 Cell 135, 1039–1052, December 12, 2008 ª2008 Elsevier Inc.
Figure 6. EM Observation of the Kineto-
chore Outer Plate in CENP-C- or CENP-T-
Deficient Cells
(A) Electronmicrograph showing a typical image of
the kinetochore outer plate in control cells. Yellow
arrowheads indicate a distinctive outer plate.
Bars, 1 mm.
(B) Chromosomes in CENP-T-deficient cells. Clear
outer plate structures were not observed on mi-
totic chromosomes. Bars, 1 mm.
(C) Outer plates were detectable in CENP-C-defi-
cient cells, but the outer plate structure is thin
and short compared with that of control chromo-
somes. Yellow arrowheads indicate outer plate
structure. Bars, 1 mm.
(D) Numbers of identifiable outer plates per cell
(mean ± standard deviation [SD]). The error bars
indicate SD. Approximately 35 serial sections
were made for each cell and numbers of outer
plates were counted in control, CENP-T-deficient,
or CENP-C-deficient cells.CENP-T/CENP-W complex directly associates with nucleoso-
mal DNA and with canonical histone H3, but not with CENP-A,
in centromeric regions. In addition, the putative DNA-binding
protein CENP-C also associates with histone H3, but not with
CENP-A, when the chromatin fraction is completely digested
with MNase. However, if the chromatin fraction was partially di-
gested with MNase, CENP-A coprecipitates with CENP-C or
CENP-T (Figure 3). Consistent with our results, Ando et al.
(2002) have previously shown that CENP-A did not coprecipitate
with CENP-B or CENP-C when excess MNase digestion was
used, but that CENP-A does coprecipitate with CENP-B and
CENP-C following partial MNase digestion. These data suggest
that CENP-A-containing nucleosomes are closely apposed to
H3-containing nucleosomes that associate with CENP-T/W
and CENP-C in centromere regions (Figure 3H). Karpen and col-
leagues reported that H3-containing nucleosomes are inter-
spersed with CENP-A-containing nucleosomes at centromeres
(Blower et al., 2002). In addition, Jansen et al. (2007) demon-
strated that CENP-A incorporation occurs during G1, which sug-
gests that after DNA replication, CENP-A nucleosomes are dis-
tributed evenly between the two sister chromatids and that the
intervening DNA might be occupied by canonical histone H3 nu-
cleosomes. This would result in mitotic chromosomes in which
H3 nucleosomes are interspersed with CENP-A-containing nucle-
osomes. Even if there are continuous stretches of CENP-A nucleo-
somes prior to DNA replication, half of the nucleosomes within the
array would be occupied by canonical H3 nucleosomes duringmi-
tosis. However, CENP-T/W are likely to closely associate with
CENP-A chromatin in vivo since CENP-C and CENP-T signals are
strongly reduced in CENP-A-deficient cells (Figure 5). CENP-A nu-
cleosomes may generate a more rigid chromatin structure (Black
et al., 2004) to facilitate the localization of CENP-T/W to these re-
gions even though they do not directly interact with CENP-A.
In vertebrates, the centromere represents a large region of
DNA that includes pericentric heterochromatin. Thus, it is pos-sible that CENP-T and CENP-W associate with histone H3 lo-
cated in these pericentric regions. However, CENP-T was orig-
inally copurified with CENP-A in partially digested chromatin
(Foltz et al., 2006; Izuta et al., 2006) and is also closely associ-
ated with CENP-H-containing complexes (Figure 5). Therefore,
it is unlikely that CENP-T and CENP-W localize to pericentric
regions, and we believe that CENP-T and CENP-W preferen-
tially associate with histone H3 within a CENP-A chromatin
stretch in vertebrate cells. Recently, Joglekar et al. (2008)
found that there are only 5–6 CENP-A molecules at fission
yeast 10 kb regional centromeres, suggesting that histone H3
chromatin is also interspersed with CENP-A chromatin at fis-
sion yeast kinetochores, although this has been disputed (Cas-
tillo et al., 2007).
Distinct Pathways Connect Centromeres to Outer
Kinetochore Function
We propose that CENP-C and CENP-T/CENP-W direct distinct
pathways to connect the centromere with outer kinetochore as-
sembly. Indeed, depletion of CENP-C and CENP-T/W result in
very different phenotypes including differential effects on kinet-
ochore assembly and outer plate structure. In addition, CENP-
C-deficient cells escape from a mitotic delay (Kwon et al.,
2007), while CENP-T- and CENP-W-deficient cells display
a strong mitotic delay (Figure 2). One possibility to explain
this is that there are differences in the spindle checkpoint re-
sponse between CENP-T/W-depleted cells and CENP-C-
depleted cells. In fact, we detected strong Mad2 signals on mi-
totic chromosomes in CENP-T- or CENP-W-deficient cells
(data not shown), while Mad2 signals were significantly re-
duced in CENP-C-deficient cells even following treatment
with nocodazole (Kwon et al., 2007). These results suggest
that CENP-C and CENP-T/CENP-W are required for directing
distinct pathways at the outer kinetochore that have differential
effects on the mitotic checkpoint response. Although theCell 135, 1039–1052, December 12, 2008 ª2008 Elsevier Inc. 1049
Figure 7. Phenotype of CENP-C and CENP-W Double-Deficient Cells
(A) Representative growth curves for theCENP-C/CENP-Wdouble-conditional KO cells in the presence or absence of tet. Tet was added at time 0 to theCENP-C/
CENP-W double-conditional KO cell (#1–24 +tet) culture. Growth curve for single CENP-C KO cells is also shown in the presence or absence of tet.
(B) Summary of quantification of cell-cycle state in CENP-C/CENP-W double-deficient DT40 cells. Prometaphase cells were decreased at 36 hr after tet addition
(20%), compared with single CENP-W KO cells (Figure 2A). Instead, significant numbers of decondensed chromosomes/nuclei were detected (13%, see 3rd
panel in C).
(C) Chromosomemorphology and a-tubulin staining (green) in control (tet), CENP-C/CENP-W double-deficient (+tet) DT40 cells. DNA was counterstained with
DAPI (blue). Control cells show the normal staining pattern for a-tubulin (upper panel). Abnormal prometaphase (2nd panel) and decondensed chromosomes/
nuclei (3rd panel) were frequently detected in CENP-C/CENP-W double-deficient cells. Bars, 10 mm.CENP-C pathway may be required for the activation of check-
point function, it is unlikely that CENP-C directly binds to
checkpoint proteins. Instead, we believe that CENP-C is in-
volved in generating a structure for attaching the mitotic check-
point proteins. This structure may include the Mis12 complex
and KNL1, whose localization is dependent on CENP-C (Liu
et al., 2006; Kwon et al., 2007). Consistent with this, Kiyomitsu
et al. (2007) recently suggested that human KNL1/Blinkin is in-
volved in checkpoint function.
Kinetochore Assembly Requires the Coordinated
Deposition of CENP-A and the Association
of CENP-T/CENP-W and CENP-C with H3 Nucleosomes
Although CENP-T and CENP-W do not associate with centro-
meres in CENP-A-deficient cells, the CENP-T/CENP-W com-
plex functions upstream of the CENP-H-containing complex,
which is required for deposition of newly synthesized CENP-A
(Okada et al., 2006). Considering the data in this paper together
with our previous results, full kinetochore assembly requires the
coordinated deposition of CENP-A and the association of
CENP-T/CENP-W and CENP-C with H3 nucleosomes at cen-
tromeres using their DNA-binding activities. CENP-A is clearly
a primary determinant of kinetochore specification. However,
our data suggest that CCAN proteins do not directly associate
with CENP-A-containing nucleosomes. Instead, additional ki-
netochore DNA-binding proteins, including CENP-C and the
CENP-T/CENP-W complex, associate with centromeric DNA
and histone H3 nucleosomes to provide a platform for the
association of other CCAN proteins including the CENP-H
complex.1050 Cell 135, 1039–1052, December 12, 2008 ª2008 Elsevier Inc.EXPERIMENTAL PROCEDURES
Biochemical Analysis
For the experiments of Figure 1, DT40 cells were suspended in lysis buffer
(50 mMNa phosphate [pH 8.0], 0.3 M NaCl, 0.1% NP-40, 5 mM b-mercaptoe-
thanol) with phosphatase inhibitors (10 mM Na pyrophosphate, 5 mM Na
azide, 10mMNaF, 0.4 mMNa orthovanadate, 20mM beta-glycerophosphate)
and a complete protease inhibitor (Roche). Whole-cell extracts were sonicated
and centrifuged at 20,0003 g for 10min at 4C. The supernatant was fraction-
ated on a Superose 6 gel-filtration column in lysis buffer at 4C. For the immu-
noprecipitation experiments, we collected DT40 cells expressing FLAG-
tagged proteins and processed them as above. Anti-FLAGM2-beads (SIGMA)
were incubated with the supernatant fraction for 2 hr at 4C, and the resin was
washed with lysis buffer and then eluted with lysis buffer in the presence of 33
FLAGpeptide (SIGMA). Mass-spectrometric identification of proteins was per-
formed as previously described (Okada et al., 2006).
For the in vivo DNA-binding assay, a chromatin fraction was prepared ac-
cording to Kimura et al. (2008) with somemodifications. 13 109 cells express-
ing CENP-A-FLAG, CENP-C-FLAG, CENP-H-FLAG, CENP-T-FLAG, and
CENP-W-FLAG were washed with 50 ml ice-cold RSB (10 mM HEPES-
NaOH [pH7.4], 15 mM NaCl, 1.5 mM MgCl2), centrifuged, and resuspended
in 7 ml RSB containing 1% Triton X-100 and complete protease inhibitor
(Roche). After homogenization using tight pestle Dounce homogenizer, nuclei
were collected, washed twice with 10 ml buffer A (15 mM HEPES-NaOH [pH
7.4], 15 mM NaCl, 60 mM KCl, 0.34 M sucrose, 0.5 mM spermine, 0.15 mM
spermidine, 1 mM DTT, complete protease inhibitor [Roche]), and resus-
pended in 10 ml buffer A. The nuclear suspension was incubated at 37C for
2 hr in the presence of 1 mM CaCl2 and 3 units/ml MNase (SIGMA). After the
addition of EDTA (pH 8.0) (10 mM) and centrifugation (10,000 3 g for 10 min
at 4C), pellets were collected and solubilized in 2.5 ml of 500 mM NaCl. Ten
milliliters buffer B (20 mM Tris-HCl [pH8.0], 5 mM EDTA, 500 mM NaCl,
0.2% Tween 20) was added, and the sample was incubated with anti-FLAG
M2-beads (SIGMA) for 4 to 10 hr at 4C, washed four times with 1 ml buffer
B, and eluted with buffer B in the presence of 33 FLAG peptide (SIGMA).
DNA was extracted with phenol from the eluate.
For immunoprecipitation experiments in Figure 3, the nuclear suspension
was incubated at 37C for 2 hr in the presence of 1 mM CaCl2 and 3 units/ml
MNase (SIGMA) as a complete digestion. We also used MNase at 0.03 U/ml
for 1 hr at 22C as a partial digestion. After MNase digestion under several con-
ditions, the samples were solubilized in 0.3 M or 0.5 M NaCl. Anti-FLAG M2-
beads (SIGMA) were incubated with the sample for 10 hr at 4C and washed
four times with 1 ml buffer B and eluted with buffer B in the presence of 33
FLAG peptide (SIGMA).
For in vitro DNA-binding assay, proteins were expressed with a pET28 vec-
tor and IPTG induction. Proteins were purified with Ni-affinity under denaturing
conditions and were separated on SDS-PAGE. Proteins were transferred to
a PVDFmembrane. The proteins were renatured on themembrane by incubat-
ing in the buffer (25 mMHEPES [pH 7.5], 25mMNaCl, 5mMMgCl2) containing
guanidine hydrochloride of which concentration was reduced from 6 M to 0 M
by stepwise manner. The membrane was then blocked in the binding buffer
(5% [w/v] skim milk, 10 mM Tris-HCl [pH 7.5], 50 mM NaCl, 0.1 mM EDTA,
1 mM DTT) for 2 hr at 22C and incubated in binding buffer with a 32P-labeled
probe DNA for 8 hr at 22C. DNA immunoprecipitated with CENP-T from
chicken cells was used as a probe.
Immunofluorescence and Image Acquisition
Immunofluorescent staining of chicken or human cells was performed as de-
scribed previously (Kline et al., 2006; Okada et al., 2006). Affinity-purified rabbit
polyclonal antibodies against recombinant centromere proteins were used
(Fukagawa et al., 1999, 2001; Okada et al., 2006; Hori et al., 2008).
Electron Microscopy
EM analysis was performed as described previously (DeLuca et al., 2005).
DT40 cells were treated with 500 ng/ml nocodazole for 3 hr and were fixed
in 2.5% glutaraldehyde and 0.15% tannic acid in the 0.1 M sodium cacodylate
buffer for 1 hr. Post-fixation was performed in 2% OsO4 for 1 hr on ice. The
cells were dehydrated in ethanol and then infiltrated with Epon 812. Polymer-
ization was performed at 60C for 48 hr. Serial sections were cut with an ultra-
microtome equipped with a diamond knife, and sections were stained with
uranyl acetate and lead citrate and examined in an EM (JEM1010, Jeol, Tokyo).
Contrast of each image was normalized with brightness of the membrane
structure.
SUPPLEMENTAL DATA
Supplemental Data include seven figures and one movie and can be
found with this article online at http://www.cell.com/supplemental/S0092-
8674(08)01311-1.
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